The basicranium is the keystone of the primate skull, and understanding its morphological interdependence on surrounding soft-tissue structures, such as the brain, can reveal important mechanisms of skull development and evolution. In particular, several extensive investigations have shown that, across extant adult primates, the degree of basicranial flexion and petrous orientation are closely linked to increases in brain size relative to cranial base length. The aim of this study was to determine if an equivalent link exists during prenatal life. Specific hypotheses tested included the idea that increases in relative endocranial size (IRE5), relative infratentorial size (RIE), and differential encephalization (IDE) determine the degree of basicranial flexion and coronal petrous reorientation during nonhominoid primate fetal development. Cross-sectional fetal samples of Alouatta caraya (n=17) and Macaca nemestrina (n=24) were imaged using high-resolution magnetic resonance imaging (hrMRI). Cranial base angles (CBA), petrous orientations (IPA), base lengths, and endocranial volumes were measured from the images. Findings for both samples showed retroflexion, or flattening, of the cranial base and coronal petrous reorientation as well as considerable increases in absolute and relative brain sizes. Although significant correlations of both IRE5 and RIE were observed against CBA and IPA, the correlation with CBA was in the opposite direction to that predicted by the hypotheses. Variations of IDE were not significantly correlated with either angle. Correlations of IPA with IRE5 and RIE appeared to support the hypotheses. However, partial coefficients computed for all significant correlations indicated that changes to the fetal non-hominoid primate cranial base were more closely related to increases in body size than the hypothesized influence of relative brain enlargement. These findings were discussed together with those from a previous study of modern human fetuses.
Introduction
The architectural keystone to the primate skull is the basicranium. It forms the boundary between several cranial regions, including the brain, upper airway, and other skeletal parts of the head and proximal spine. Moreover, the basicranium grows and interacts with these functionally important regions throughout ontogeny and phylogeny (Enlow and McNamara, 1973; Moss, 1975a; Burdi, 1976; Enlow, 1976; Moss et al., 1982; Dean and Wood, 1984; De Beer, 1985; Hoyte, 1991; Ricciardelli, 1995; Lieberman et al., 2000; Ranly, 2000; Niesen, 2002) . The primary goal of this study is to test the idea that there is a link, during ontogeny, between the brain and the cranial base such that changes in size and shape in one necessitate changes in the other.
The above idea derives from hypotheses used to explain evolutionary changes and interspecific differences in the primate cranial base, typically with regard to the varied mechanical demands imposed by differences of posture, mastication, vocalization and brain size (see extensive reviews in Ross and Ravosa, 1993; Ross and Henneberg, 1995; Spoor, 1997; Lieberman and McCarthy, 1999; Strait and Ross, 1999; Lieberman et al., 2000; McCarthy and Lieberman, 2001; Jeffery and Spoor, 2002) . These works have given useful insights into the evolutionary mechanisms responsible for the emergence of cranial features unique to Homo sapiens. Compared to other primates, the modern human skull exhibits a more acutely angled (flexed) midline basicranium and a more obtuse posterior angle between the longitudinal axes of the petrous temporal bones (Huxley, 1914; Cameron, 1927; Keith, 1929; Ashton, 1957; Dean and Wood, 1981; Dean and Wood, 1982; Luboga and Wood, 1990) . One proposal that explains why modern humans exhibit these unique features, and which has gained considerable support in recent years, is the spatial-packing hypothesis (Biegert, 1963; Gould, 1977) . The hypothesis suggests that the apparently derived modern human basicranium resulted from an overall geometric rearrangement of the skull to house successive phylogenetic increases in brain size given the same, or a relatively shorter length of cranial base. This suggestion has been substantiated by numerous studies of cranial base flexion and relative brain size across extant adult primates, and consequently spatial-packing has now become an established concept (Ross and Ravosa, 1993; Ross and Henneberg, 1995; Spoor, 1997; Lieberman et al., 2000; McCarthy, 2001) . Nevertheless, despite all these corroborating interspecific findings, we still know little about the structural interplay between the primate brain and skull during ontogeny.
Ontogeny is one, if not the major source of variation underlying phylogenetic change (Garstang, 1922; De Beer, 1958; Gould, 1977; Weele, 1999) . Thus, if cranial base flexion and petrous orientation are simply the result of spatialpacking, as suggested by the interspecific evidence, then intuitively the same principle should apply to primate ontogeny, during which the brain expands in a similar fashion to that seen across extant and extinct primate species. However, a recent ontogenetic investigation has shown that variation in the human fetal basicranium is independent of large increases in absolute and relative brain sizes (Jeffery, 1999; Jeffery and Spoor, 2002) . The authors explained the inconsistency with the interspecific findings by proposing that as well as being multifactorial, the influences on the basicranium also vary in their efficacy over ontogenetic time. This implies that while the range and number of factors influencing the basicranium can be the same in the fetus, the juvenile, and the adult, the proportion of influence exerted by each individual factor differs among these age groups. For instance, Jeffery and Spoor (2002) proposed that conserved patterning of morphology principally governs the embryonic basicranium, that upper airway enlargement dominates the fetal basicranium, and that brain growth is the greater influence on the perinatal and postnatal basicranium. However, before examining these propositions in detail it would clearly be of benefit to find out whether the propensity of the human fetal basicranium to vary independently of brain size is common to other primates or unique to humans. The present study will therefore test whether spatialpacking is a sufficient explanation of variations in basicranial flexion and petrous orientation during non-hominoid primate fetal development.
There are several versions of the spatial-packing hypothesis, each reflecting different interpretations of which regions or combination of regions of the brain influence the cranial base. Those versions that have received most attention in recent years and that have been previously tested using a modern human fetal sample are the general spatial-packing hypothesis, the infratentorial spatial-packing hypothesis, and the differential encephalization hypothesis. The interspecific and ontogenetic evidence pertaining to each of these hypotheses and their predictions are presented here. More detailed reviews are given elsewhere (see Ross and Ravosa, 1993; Ross and Henneberg, 1995; Spoor, 1997; Lieberman et al., 2000; McCarthy, 2001) .
General spatial-packing
The original spatial-packing hypothesis, referred to here as the general spatial-packing hypothesis, was presented by Ross and Ravosa (1993) based on an earlier proposal by Gould (1977) . The hypothesis states that the derived nature of the modern human basicranium follows from the combination of an enlarged brain and a short cranial base. The predicted outcomes are correlations between cranial base flexion and brain size relative to cranial base length. In testing the hypothesis, Ross and others found significant positive correlations across extant adult primates between cranial base flexion and increases of relative brain size (Ross and Ravosa, 1993; Ross and Henneberg, 1995) . Increases in relative brain size were further examined and shown to correlate with: a) cranial base flexion across extant primates using different landmarks and measurements (Spoor, 1997; McCarthy, 2001) ; b) cranial base flexion after controlling for the influence of phylogenetic correlations (Lieberman et al., 2000) ; and c) coronal reorientation of the petrous bones across extant primates (Spoor, 1997) .
The general spatial-packing hypothesis appears to work, at least as a mechanism for basicranial changes over phylogenetic time. Furthermore, Enlow and others have argued that increases in relative brain size also determine cranial base flexion during primate development (Enlow and Hunter, 1968; Enlow and McNamara, 1973; Enlow, 1976; Enlow, 1990) . However, despite the intuitive appeal of Enlow's ontogenetic version of the hypothesis, a recent systematic and appropriately sampled study does not support the notion that spatial-packing influences the prenatal modern human cranial base (Jeffery and Spoor, 2002) . Jeffery and Spoor showed that petrous orientation remains independent of significant increases in relative brain size from 12 to 29 weeks gestation. Their study also revealed that the midline cranial base retroflexes with increases of relative endocranial size. This direction of angulation is the reverse of the flexion predicted by the general spatial-packing hypothesis. To assess whether these trends match those for other primates, the present study tests whether crosssectional increases in relative endocranial size during non-hominoid primate fetal development negatively correlate with cranial base angulation (or positively correlate with flexion) and positively correlate with coronal reorientation of the petrous bones.
Infratentorial spatial-packing
Based on observations of artificial skull deformation, Moss (1958) concluded that confinement of the modern human cerebellum to an inadequately sized posterior fossa is invariably accompanied by increased flexion of the cranial base. Dean (1988) subsequently proposed that the highly flexed basicranium and coronally oriented petrous bones seen uniquely among modern humans relate to the spatial-packing problem of fitting an enlarged cerebellum on a short posterior cranial base. This hypothesis has yet to be tested across extant primates, though Ross and Ravosa (1993) looked at the relationship between absolute, as opposed to relative, cerebellar volume and cranial base flexion and found little evidence linking the two.
Dean's hypothesis is not supported by ontogenetic data. Research shows that cranial base angulation and petrous orientation vary independently of increases in infratentorial volume relative to posterior cranial base length during the second and early third trimesters of human prenatal development (Jeffery and Spoor, 2002) . The question is whether the same can be said about fetal nonhominoid primates. This study tests whether crosssectional increases of relative infratentorial size negatively correlate with cranial base angulation and positively correlate with coronal reorientation of the petrous bones during non-hominoid prenatal development.
Differential encephalization
Patterns of brain growth and how these can influence skull form have received considerable attention in recent years. Two interesting ideas are the neural-wiring length hypothesis (Ross and Henneberg, 1995; Chklovskii et al., 2002; Sporns et al., 2002 ) and the brain shape hypothesis (Hofer, 1969; Lieberman et al., 2000) . Combined, these hypotheses propose that brain expansion is spatially mediated to minimize neural wiring lengths and to maximize cognitive efficiency, and that the resulting changes in brain topography necessitated flexion of the cranial base and petrous reorientation.
Past studies have shown that, across extant adult primates, different regions of the brain follow distinct volumetric scaling trajectories (e.g., Stephan et al., 1981 Stephan et al., , 1984 Frahm et al., 1982 Frahm et al., , 1998 Baron et al., 1987 Baron et al., , 1988 Baron et al., , 1990 and that these trends are associated with interspecific variations in basicranial angulation (Dean and Wood, 1984; Strait, 1999) . In particular, it has been shown that increases of cerebral volume over brain-stem volume are significantly correlated with cranial base flexion (Lieberman et al., 2000) . This suggests that topographical differences in brain shape between species result in differences in basicranial form.
Notable regionalized enlargement of the brain also occurs during primate fetal development. Greater increases of the supratentorial portion of the human fetal brain, which contains the cerebrum, compared to the infratentorial portion, consisting of the cerebellum and brainstem, have been documented Larroche, 1990, 1992; Jeffery, 2002a) . Moreover, Moss et al. (1956) had previously suggested that such differential encephalization shapes brain topography and leads to ontogenetic changes in posterior cranial fossa morphology. However, Jeffery and Spoor (2002) showed that human fetal variations in petrous orientation and cranial base angulation are independent of changes to the volumetric proportions of the brain between the ages of 12 and 29 weeks gestation. This study tests whether crosssectional increases in the size of the supratentorial part of the fetal brain relative to the infratentorial part, negatively correlate with cranial base angulation and positively correlate with petrous reorientation.
One additional point of particular importance to the aims of the present investigation is the effect sex has on the analyses. Previous studies have noted significant sexual dimorphism in the nonhominoid primate skull during postnatal life (Masterson and Hartwig, 1998; Koppe et al., 1999; Plavcan, 2002; Wealthall, 2002) . However, to the best of this author's knowledge, there is no significant evidence of sexual dimorphism before birth in species studied here. Nonetheless, to address this concern the present study also tests for measurement variances that distinguish males from females.
Methods and materials

Sample and imaging
Specimens of Macaca nemestrina (Pig-tailed macaque) and Alouatta caraya (black and gold howler monkey) were studied. These species were chosen because fetuses were readily available for examination and because the adult skull of A. caraya show the opposite extreme of base angulation to modern humans (i.e., a flat or hypoflexed cranial base) whereas the angulation typical of adult M. nemestrina is intermediate between Homo sapiens and A. caraya (see Ross and Ravosa, 1993) . If the spatial-packing hypotheses are corroborated, then these differences of basicranial morphology will help determine whether the hypotheses apply to only a limited range of midline flexion or the full range seen across primates.
Fetal macaque specimens were sampled from a large post-mortem collection originally assembled by the University of Washington Regional Primate Center (Blakley et al., 1977) . The specimens are now housed in the Department of Anthropology, University of Buffalo. These fetuses are unusual in that they were taken by caesarean section and so accurate ages are known. The sample used in this study consists of 24 individuals (12 male; 12 female) with gestational ages ranging from 69 to 165 days. However, in order to keep the analyses consistent (see Alouatta sample below), measurements of crown-rump length (CRL) were used rather than known ages. These measurements could not be taken from several fetuses because only the head remains. Unpublished CRL measurements taken before the torsos were removed were kindly provided by Professor Joyce Sirianni, University of Buffalo (see also NewellMorris et al., 1981) . Crown-rump length of specimen cf351 was unknown and was therefore calculated from gestational age with reference to the equation previously reported by Newell-Morris et al. (1981) for the same sample of macaques. Values of CRL ranged from 78 to 202 mm. Macaque fetuses were scanned with highresolution magnetic resonance imaging at the Department of Radiology, Johns Hopkins University. The apparatus consisted of a 4.7T GE Omega Small Animal Imager with the following parameters: sequence, T2* (proton-density) weighted 3D thick-slice volume acquisition (TR=7.5 secs, TE=16 msecs); matrix, 256 256 256; isometric voxels of between 0.12-0.36 mm. Pilot scans showed that T1 and T2 signal yields were inadequate because of the odd chemical nature of the preservation fluid. Identification codes, sex and imaging parameters are given in Table 1 for each specimen.
The specimens of fetal howler monkey were originally acquired during an expedition organized by the Oregon Primate Research Center (Swindler et al., 1968) . These specimens are now housed in the Department of Anthropology, University of Pittsburgh, Titusville. Because the specimens were wild caught, fetal age is unknown. Also, there are no reported data on size proxies, such as biparietal diameter, from which to estimate age. The only variable of any chronological or comparative value available for this sample was crown-rump length (CRL). The sample studied consisted of 17 specimens (9 male; 8 female), ranging from 84 to 157 mm CRL (Swindler et al., 1968) . The howler cohort was imaged at the Pittsburgh NMR Center for Biomedical Research using a 7T Bruker AVANCE DRX with the following parameters: sequence, T2 weighted spin-echo multislice (TR=6 (Shoemaker, 1979 It is important to note that comparative differences in developmental timing and rate cannot be tested for in the present study without making questionable assumptions about the homology of growth between the two species. Nonetheless, it would clearly be of interest to show growth related changes of the measurements taken. Thus, a variable referred to here as the prenatal maturation quotient (MQ) was computed for each fetus. The MQ for M. nemestrina was calculated from crown-rump lengths (CRL) as a percentage of CRL at birth, which is approximately 205 mm (Newell-Morris et al., 1981) . However, there are no such CRL data available for A. caraya. The only reference known to this author is Shoemaker (1979) , who gave the total body length at 5 postnatal days as 350 mm, including 170 mm of tail. Thus, the MQ for Alouatta fetuses was computed as the percentage of crown-rump length achieved compared to a birth value of 180 mm (Table 1) .
Landmarks and volumes
Basicranial morphology was quantified using the landmarks given in Table 2 and shown in Fig. 1 . These points were selected to allow comparisons with a previous study of human material (Jeffery and Spoor, 2002) . Three-dimensional coordinates for each landmark were acquired with the Align3D plug-in (J. Anthony Parker, Harvard University, USA) for ImageJ and were used to calculate the linear and angular measurements described in Table 2 . Endocranial, supratentorial, and infratentorial volumes were measured as pixel areas from regions of interest outlined by hand with the ImageJ trace tool. Linear measurements were taken to the nearest 1/10 th of a millimetre, angular measurements to the nearest degree and volumes to the nearest cubic millimetre. Equations for calculating relative endocranial size (IRE5), relative infratentorial size (RIE), and the index of differential encephalization (IDE) are detailed in Table 2 .
Statistical analyses
Sample distributions against age (M. nemestrina) and size (A. caraya) were tested for asymmetry (skew) and kurtosis. Tests for sexual dimorphism were made with discriminant function analyses (SPSS v11) of all raw measurements (H 0 =measurements discriminate between males and females). Bivariate associations were evaluated with rank correlation coefficients, and bivariate trends were modeled with Reduced Major Axes (RMA) regression line fittings or polynomial regressions where appropriate. Regression slopes were compared using F-tests. Significant rank correlations were re-examined to determine the effect of growth variances using partial correlation analyses. In each case, a probability of P=0.05 was used to reject the null hypothesis.
Results
Cranial base angles, petrous orientations, cranial base lengths, and volumetric measurements were analysed for statistical associations to test the spatial-packing hypotheses as previously set out. These analyses make certain assumptions about the distribution of the data and so tests were made of sample distribution and sexual dimorphism. Neither sample shows a significant skew or kurtosis in its distribution (P>0.05). Minima and maxima, as well as means and standard deviations for each measurement, for each species are given in Table 3 . All other results are presented below.
Differences between the sexes, which could potentially perturb subsequent analyses, were tested using a discriminant function analysis of all raw measurements. The null hypothesis that males can be distinguished from females using raw measurements is falsified for both species (p>0.05; Table 4) .
Growth trends
To demonstrate ontogenetic trajectories, the measurements taken were plotted against the 
Linear measurements
Total base length TBL The total linear distance from basion (Ba) to sella (S) and sella to foramen caecum (Fc) (Spoor, 1997) . Anterior cranial base length ABL The linear distance from sella (S) to foramen caecum (Fc) Posterior cranial base length PBL The linear distance from basion (Ba) to sella (S)
Angles
Cranial base angle CBA The ventral angle between the midline anterior cranial base (Fc-S) and posterior cranial base (S-Ba) (Lieberman and McCarthy, 1999) . Interpetrosal angle IPA The posterior angle between left and right line segments fitted through the medial most (Md) and lateral most (Lt) tentorial attachments to the petrous ridges (Jeffery and Spoor, 2002) .
Volumes
Endocranial volume EV Sum of voxels within the endocranial cavity Supratentorial volume SV Sum of voxels within the endocranial cavity above the tentorium cerebelli Infratentorial volume IV Sum of voxels within the endocranial cavity below the tentorium cerebelli /PBL) (Jeffery and Spoor, 2002) . Index of differential encephalization
IDE
Sum of endocranial voxels below the tentorium cerebelli divided by the sum of voxels above the tentorium (IV/SV) (Jeffery and Spoor, 2002) .
maturation quotient (MQ) (Figs. 2-6 ). RMA and correlation statistics are given in Table 5 . F-tests of the difference between slopes are also given in Table 5 , though it must be noted that the slopes may not be strictly comparable between the species studied.
Comparisons of angular measurements against MQ illustrate basicranial flattening, or retroflexion, and coronal reorientation of the petrous bones in both samples (Fig. 2) The analyses show large increases in the volumetric measurements for both species. There is a 19-fold increase of endocranial volume, a 20-fold increase in supratentorial volume and a 10-fold increase in infratentorial volume for M. nemestrina. Corresponding values for A. caraya are roughly 7, 7, and 6, respectively. The overall turnover of absolute brain size is different between the two species, partly because of the 20% difference in the MQ range. Nonetheless, Fig. 3 shows that for both species, growth of the supratentorial brain is more rapid than the infratentorial brain, and that overall endocranial enlargement is mainly due to supratentorial expansion.
Growth in cranial base lengths, which are the denominator variables in the relative endocranial size calculations, were also investigated. Fig. 4 shows a plot of total, anterior, and posterior base length against MQ. In the macaque sample, total and posterior cranial base lengthens at a significantly faster rate than in the howler sample (Table 5 ). The rate of growth of the anterior cranial base is not significantly different between species. However, the anterior base grows at a faster rate than the posterior base across both cohorts.
Plots were made of the derived relative size measurements against MQ to see if these increase during fetal life (Figs. 5 and 6 ). Comparisons show significant MQ related increases of IRE5 across both samples. However, RIE only shows a significant increase with MQ in the A. caraya sample. Fig. 6 demonstrates a polynomial decrease in IDE for both the macaques and howlers, suggesting that disproportionate increases of supratentorial volume diminish later in fetal life. However, the MQ and IDE correlation is not significant (Table  5 ). These findings suggest that the general spatialpacking problem increases with fetal growth, whereas variations in relative infratentorial size and the index of differential encephalization are largely independent of fetal growth.
General spatial-packing
To test the general spatial packing hypothesis, values of CBA and IPA were plotted against IRE5. Both samples exhibited significant correlations Table 2 for abbreviations between the angles and IRE5 (Table 6 ). Fig. 7a shows plots of CBA against IRE5 and suggests that, as endocranial size increases in relation to the length of the midline basicranium, the cranial base flattens out (CBA increases) rather than flexes. This is the opposite of the predicted outcome and does not support the hypothesis. In contrast, the comparisons of IPA against IRE5 shows that the petrous bones reorient coronally with increases of relative brain size (Fig. 7b) . This is consistent with the hypothesis that petrous reorientation is associated with the spatial-packing problem of an enlarged brain relative to a shorter cranial base. 
Infratentorial spatial-packing
The infratentorial spatial-packing hypothesis was assessed by comparing values of CBA and IPA to RIE. Comparisons involving the macaque fetuses did not reveal significant correlations (Table 6 ). However, comparisons involving the howler fetuses did reveal significant correlations. Plots of CBA against RIE suggest that as the cerebellum expands the midline basicranium flattens out (Fig. 8a) . Again, this is the opposite of the predicted outcome and does not support the infratentorial version of the spatial packing hypothesis. In contrast, plots of IPA against RIE show a coronal reorientation of the petrous bones in association with increases in relative infratentorial size (Fig. 8b) . This correlation supports the hypothesis.
Differential encephalization
The differential encephalization hypothesis predicts that decreases in CBA and increases in IPA are correlated with increases in the index of infratentorial enlargement over supratentorial enlargement. Plots of IPA and CBA are not significantly correlated with IDE for either species (Table 6 ). These findings falsify the hypothesis.
Background covariance
As with all such studies of variation over ontogenetic time, there is a risk that strong covariations with body size can give rise to significant correlations between two unrelated variables. To evaluate this potential error, significant associations given in Table 6 were re-examined with partial-correlation analyses while controlling for increases in crown-rump length. Not one of the correlations remains significant when the potential influence of background growth covariance is considered (r partial =0.05 to 0.35, ns). These findings cast further doubt on the spatial packing hypotheses. As one final test, CBA and IPA means for fetuses with higher than average values of IRE5 (n=15 Macaca, 9 Alouatta) and RIE (n=13 Macaca, 6 Alouatta) were compared to overall sample means. These means were not significantly different for either cohort (t-tests for significance difference between means rejected in all cases, p>0.15). This demonstrates that fetuses with higher values of relative endocranial sizes do not necessarily exhibit greater cranial base flexion and coronal petrous orientation than fetuses with smaller relative endocranial sizes, as predicted by the general and infratentorial spatial-packing hypotheses.
Discussion
This study set out to test several key hypotheses linking changes of basicranial form during primate phylogeny and ontogeny with increases in relative brain sizes. The hypotheses were tested with fetal samples of Alouatta caraya and Macaca nemestrina that were imaged using high-resolution magnetic resonance imaging.
Growth trends
Comparisons of fetal measurements against the maturation quotient (MQ) highlight important growth-related trends. Firstly, it is shown that in general, growth of the cranial base and brain is faster in the macaque sample than in the howler sample with the exception of cranial base retroflexion, coronal reorientation of the petrous bones and elongation of the anterior cranial base. These species differences probably reflect, at least in part, the 20% difference in the maturation quotient. Although mean values of MQ are similar, the macaque sample covers a broader MQ range, about 10% wider at either end. Nevertheless, the findings clearly show that prenatal elongation of the non-hominoid primate anterior cranial base is significantly greater than that of the posterior base. This closely matches results from previous investigations of the same series of fetal macaques (Sirianni and Newell-Morris, 1980; Zumpano and Richtsmeier, 2003) . Although there are no comparable studies for Alouatta, there seems no reason to doubt the linear growth differences reported here. Studies have highlighted several reasons for the different rates of growth along the fetal basicranium. One suggestion is that extrinsic growth differences between corresponding supratentorial and infratentorial regions of the brain are responsible (e.g., Moss et al., 1982; discussed below) . Others propose a link with intrinsic differences in synchondrosal activity or differences in the pattern of bone formation, reflecting the fact that the tissues of the mesodermally derived posterior cranial base are embryologically distinct from those of the neural crest-derived anterior cranial base (e.g., Scott, 1958; Michejda, 1972; Johnston, 1974; Moore, 1978) . Investigators have further argued that spatio-temporal growth variation due to bone formation differences can in turn influence changes in basicranial shape, including cranial base angulation and petrous reorientation (Johnston, 1974; Ronning, 1991; van den Eynde et al., 1992; Jeffery and Spoor, in press ). Nevertheless, the precise nature of the role played by ossification remains to be determined and the proposed link has not been tested among nonhominoid primates.
This study finds large increases in supratentorial volume, infratentorial volume, and endocranial volume. Volumetric expansion is faster in the macaques than in Alouatta. Nevertheless, Figs. 3 and 6 clearly show that fetal non-hominoid brain expansion is chiefly due to supratentorial enlargement and suggest that the hypothesized spatial packing problem is driven by growth of the cerebrum. There are no comparable studies of Alouatta with which to compare these volumetric findings, and only one on macaques (DeVito et al., 1989) . Studying the same series but different individuals, DeVito et al. noted overall volumetric increases ranging from about 4170 to 68,440 mm 3 , between 60 and 166 days gestation. The authors do not give specific values for infratentorial volume, but the combined volume of tabulated subtentorial brain parts ranges from 419 to 4,550 mm 3 . The volumes given here are broadly consistent with those reported by De Vito et al. Moreover, the disproportionate enlargement of the supratentorial brain is also borne out in the reanalyses of De Vito et al.'s data.
The spatial distribution of growth differences in the brain matches that seen along the basicranium. Anterior parts (anterior cranial base and cerebrum) grow at roughly twice the rate of the posterior parts (posterior cranial base and cerebellum). This points to an association between the cranial base and brain. However, it is unclear if this association is direct (e.g., cerebral enlargement stretching the anterior cranial base), indirect (e.g., an anteroposterior gradient of growth promoters simultaneously influencing both regions), or simply coincidental (Moss, 1975b; Hilloowala et al., 1998) . The findings presented here show that the macaque and howler monkey cranial base retroflexes by 18-20( during prenatal life. Unfortunately, there are no previous studies of Alouatta that are directly comparable to this study. However, previous investigations of the same macaque series report that the angulation remains stable throughout fetal life (Lestrel and Moore, 1978; Moore, 1978; Sirianni and Newell-Morris, 1980; Zumpano and Richtsmeier, 2003) . The inconsistency between their findings and the retroflexion reported here is a concern, especially since Moore and others examined many of the same individual specimens studied here. The most likely explanation is that methodological differences are responsible for the discrepancy. For example, Sirianni and others used nasion to define the anterior extent of the cranial base, whereas foramen caecum is used in the present study. Unlike nasion, foramen caecum does not conflate facial growth patterns with those of the basicranium (Scott, 1958; Hagg et al., 1998;  Perillo et al., 2000; McCarthy, 2001 ). In addition, Lestrel and Moore (1978) , and later Zumpano and Richtsmeier (2003) , dichotomized their samples into broad age cohorts and then compared the resulting cohort means in order to determine the change in cranial base angle. Their method may have averaged-out the subtle but significant (slope=0.28) intervening changes of cranial base angle seen in the present investigation. Lastly, all the aforementioned studies employed radiographic techniques and so radio-translucent cartilaginous parts of the fetal basicranium may not have been properly imaged (see Jeffery, 2002b) . With these technicalities in mind, it would appear the reported angulations are not comparable to those outlined in the present study.
Both fetal Alouatta and Macaca display a rotation of the longitudinal axes of the petrous bone away from the midline, toward the coronal plane. This reorientation occurs faster in Alouatta than in Macaca, though this may be because of differences in the MQ calculation. There are no equivalent studies of the primate petrous bone, except for one study of modern humans, which also reported a coronal reorientation during fetal life (Jeffery and Spoor, 2002) .
Hypotheses
The general spatial-packing hypothesis predicts that cranial base angle decreases with increases in the size of the brain relative to the length of the cranial base. This study clearly shows that the Alouatta and Macaca midline basicranium does not flex, but rather it retroflexes. This is the opposite of the predicted outcome and therefore falsifies the spatial-packing hypothesis for the period of gestation studied here. However, reorientations of the petrous bones do correlate with increases of relative endocranial size in both species, as predicted. Does this mean that spatial packing only acts in the transverse plane of the basicranium? This seems unlikely. Recall the counter-intuitive but significant correlation of relative endocranial size with retroflexion. The logical explanation is that all these measurements are more closely linked to somatic growth than to each other and that the strong relationship with growth produces significant correlations between unrelated measurements. The partial correlations corroborate this point, showing that the majority of the association between variables is due to common variation with regard to somatic growth. Thus, there is little evidence to support the general spatial-packing hypothesis as a mechanism for ontogenetic change in fetal Alouatta and Macaca.
The infratentorial spatial-packing hypothesis is essentially the same as the general hypothesis, predicting that increases in the size of the infratentorial brain relative to a slower growing posterior cranial base creates a shortage of space within the posterior cranial fossa. This is then resolved by flexion along the midline basicranium and coronal reorientation of the petrous bones. Non-significant correlations were observed between CBA and IPA compared to increases in relative infratentorial across the macaque sample. However, both angles correlated significantly with relative infratentorial size across the Alouatta sample. The latter correlations support the infratentorial spatial-packing hypothesis. However, they may also reflect background covariances with growth rather than a mechanical relationship. Again, this suspicion is borne out by the partial correlations. In summary, the idea of infratentorial spatial-packing as a significant mechanism, moulding primate craniofacial development in utero, is not supported. Similarly, the results show no link between basicranial architecture and differential encephalization of the cerebrum.
Comparison of trends
Findings from this and a previous study (Jeffery and Spoor, 2002) highlight several shared patterns of prenatal basicranial growth and development. While the raw measurements and rates of change are often different in macaques, howler monkeys, and modern humans, the direction of change and the significance of the tests are invariably the same, regardless of marked differences in morphology. Notable directional similarities include: 1) the anterior cranial base grows faster than the posterior cranial base; 2) the supratentorial volume enlarges disproportionately; 3) the cranial base retroflexes; and 4) the petrous bones coronally reorientate.
Moreover, all these changes occur independently of increases in relative brain sizes, at least during the gestational periods investigated and while controlling for background covariations with somatic growth.
The similarities in the direction of angulation suggests that perhaps the same factor is influencing the cranial base in the macaques, howler monkeys, and modern humans. Of the many possible factors, the most obvious from the hrMR images is the size of the upper airway, particularly the larynx. Sagittal images show that even at the earliest stages of fetal life, the larynx in Alouatta is much larger than that in the fetal macaque, which in turn is larger than that in the human fetus (Fig. 9) . These size differences seem to match differences in CBA, indicating that the two could well be correlated (see Schon, 1976; Laitman et al., 1977 Laitman et al., , 1978 Laitman et al., , 1979 Laitman and Reidenberg, 1993) . Clearly, a study of the potential influence of upper airway growth on the fetal basicranium is warranted.
The marked difference in CBA and IPA between the youngest individuals of each species investigated suggests that interspecific differences of angulation and petrous orientation are established before the fetal period investigated here. At around 16 weeks gestation, or 40% fetal maturation, modern human CBA is about 130( and IPA is about 75( (Jeffery and Spoor, 2002) . In contrast, comparable values for the macaques and howler monkeys are shown here to be about 145 (/52( and 165(/30(, respectively . Perhaps the initial conserved stage of basicranial morphogenesis as posited by Jeffery and Spoor (2002) is a misconception. Indeed, studies show that contrary to the influential drawings made by Haeckel (1891) , morphological differences between adult species can be traced back to the early embryonic stages of life (Richardson et al., 1997; Bininda-Emonds et al., 2003) . Furthermore, Sperber (2001) notes an acute angulation of the human midline basicranium at around 4 weeks gestation. Thus, it seems plausible that the structural impact of brain enlargement on the basicranium is manifested in the primate embryo, not in the fetus or the infant, and that the resulting flexion is carried through to adulthood with only minor alterations of angulation en route due to growth of other soft-tissue structures such as the larynx. According to Ross et al. (submitted) , this would explain the inconsistency of the fetal data compared to the trends of relative brain size and basicranial angulation seen among adult primates and mammals in general. The authors' comprehensive study of euarchontans, including most extant primate genera, shows a strong relationship between relative brain size and base flexion. Moreover, the authors show that the fetal values of relative brain size and cranial base angle reported here and elsewhere (Jeffery and Spoor, 2002) fall close to the general adult trend. These findings would seem to indicate that fetal cranial base retroflexion and increasing relative brain size is variation within or around the general mammalian trend, and is not sufficient to falsify the general spatial-packing hypothesis as a phylogenetic mechanism for changes in basicranial morphology.
How to codify the order of ontogenetic influences on the basicranium and the manner in which these correspond to the phylogenetic influences may become clearer once we have a better understanding of the embryonic relationship between the brain and basicranium as well as the effects of the fetal upper air-way on the basicranium both within and, more importantly, across species.
Conclusions
Fetal craniofacial development in Macaca nemestrina and Alouatta caraya is characterized by marked increases in brain size, due mostly to disproportionate increases in the size of the cerebrum. In addition, there is a disproportionate growth of the anterior midline basicranium compared with the posterior midline basicranium, cranial base retroflexion, and coronal reorientation of the petrous bones.
The spatial-packing hypotheses predict that increases in relative brain size should be accompanied by flexion of the midline basicranium and coronal reorientation of the petrous bones. The relationship with flexion is not supported. Findings show that the cranial base retroflexes in both taxa. Moreover, significant and seemingly consistent associations with petrous orientation arise because of background covariations with somatic growth. Thus, there is little evidence supporting the spatial-packing hypotheses for the fetal period of macaque and howler monkey ontogeny. This suggests that some other factor (e.g., laryngeal size) underlies the observed basicranial retroflexion.
Despite distinctly different morphologies, the trends of angulation, petrous reorientation, brain expansion, and basicranial elongation are similar for Macaca and Alouatta as well as for modern human fetuses. These results point to a common factor other than brain size that influences basicranial form during fetal life. Furthermore, notable differences in cranial base angle and petrous orientation among the youngest individuals of all three taxa indicate that interspecific differences in the basicranium are established much earlier in ontogeny than the period studied here.
